The CMAQ modeling system has been used to simulate the air quality for North America and 3
been applied to simulate air quality over North America (NA) and Europe (EU) for the year 33
34
The CMAQ simulation performed for NA for this project is unique compared to the 35 CMAQ simulations performed in the past for several reasons. First, the simulation was 36 performed over a single domain that covers the entire CONUS and a large portion of Canada 37 using 12-km by 12-km horizontal grid spacing. In the past, two separate simulations covering 38 the eastern and western U.S. have been used instead of single, continuous domain. Second, the 39 simulation utilizes meteorology provided by the latest version of the Weather Research and 40
Forecasting (WRF) model, whereas previous CMAQ annual simulations have typically utilized 41 meteorology provided by the 5 th Generation Mesoscale Model (MM5; Grell et al., 1994) . 42
Finally, the CMAQ simulation utilizes boundary conditions provided by the Global and regional 43
Earth-system Monitoring using Satellite and in-situ data (GEMS) product. 44
The analysis presented here focuses primarily on ozone (O 3 ) and particulate matter (PM 2.5 45 and PM 10 ), as these are pollutants for which both the NA and EU have established criteria for 46 acceptable limits (e.g. National Ambient Air Quality Standards) and instituted numerous control
Air Quality Observations 116 117
For NA the observed data used to assess the CMAQ model estimates are obtained from 118 several observational networks available across the U.S. that measure a combination of gas, 119 aerosol, wet deposition and meteorological variables. The primary sources of ground level O 3 , 120 PM 2.5 and PM 10 mass measurements for the U.S. is the USEPA's Air Quality System (AQS). The 121 AQS network is geographically diverse and spans the entire U.S. and is an excellent source of 122 quality assured air quality measurements. Measurements of O 3 are hourly, while measurements 123 of PM can be either hourly or daily averages (available every 1, 3 or 6 days), depending on the 124 particular site configuration. For observations of PM 2.5 , measurements from the AQS, the 125
Chemical Speciation Network (CSN) and the Interagency Monitoring of Protected Visual 126
Environments (IMPROVE) network are used. In additional to total PM 2.5 , the CSN 
Results 143

Ozone 144 145
Ozone is an important criteria pollutant for both NA and EU. Ozone mixing ratios are 146 the highest in the summer as the production of O 3 is a photo-chemically driven reaction and the 147 reactions are more efficient under higher temperatures. In the U.S., O 3 mixing ratios generally 148 peak in July and August (Fig. 1) , when temperatures are the highest and the sun angle is high. 149
The pattern of O 3 mixing ratios in EU is similar to that of NA, with a peak in O 3 mixing ratios in 150 June and July (Fig. 2) (Fig. 4a) . Particulate matter, including both PM 2.5 with a diameter less than 2.5 µm and coarse 231 PM 10 with a diameter less than 10 µm, is an important air pollutant for which standards exist for 232 both the U.S. and EU. The U.S. limits on PM are based on PM 2.5 , with the current annual limit 233 set at 15 µgm -3 , while for EU the primary PM standard is based on PM 10 , with the current annual 234 limit set at 40 µgm -3 . Since the two continents use different standards for regulating PM, the 235 monitoring networks are also different, with North American (U.S. and Canada) networks 236 focused primarily on measuring PM 2.5 and European networks focused on measuring PM 10 Unlike O 3 , which has a large seasonal dependency, PM 2.5 concentrations in NA do not 242 vary as much throughout the year (Fig. 5) , while for EU high concentrations of PM 2.5 are 243 observed from January through March, after which the concentrations are considerably lower 244 and relatively constant throughout the remainder of the year (Fig. 6 ). The CMAQ model 245 generally does well representing the small seasonal trends in PM 2.5 for both continents, and 246 captures the synoptic forcing features. Note that there are a limited number of PM 2.5 247 observations available for EU, with the majority of the observations sites in Portugal, Spain, 248
France, Italy, Belgium, Germany, and the Czech Republic. 249
For the winter, there is a large overestimation of PM 2.5 in NA (Table 2) , with a domain-250 wide average NMB of 30.4% and Mean Bias (MB) of 3.4 µgm -3 , but underestimates PM 2.5 to an 251 even greater extent in EU, with a NMB of -55% (MB = -12.9 µgm -3 ). The largest 252 underestimations in the NA occur in the west, where a large number of sites report NMBs greater 253 than 100% (Fig. 7a) . The northeastern U.S. also has a number of sites with NMBs exceeding 254 30%. For EU, the underestimation in PM 2.5 is systematic across the domain, with only a handful 255 of sites reporting an overestimation (Fig. 8a) . The largest underestimations occur in the Czech 256
Republic, Germany and Italy, with the majority of sites reporting NMBs greater than -60%. The 257 performance for France, the United Kingdom, Spain and Portugal is better, with a number of 258 sites reporting NMBs smaller than -30%. 259
The overestimation in PM 2.5 in NA is primarily due to an overestimation of the 260 unspeciated PM 2.5 mass, along with a smaller overestimation of elemental and organic carbon 261 (Appel et al, 2008) . The unspeciated PM 2.5 mass, sometimes referred to as PM other , is comprised 262 primarily of the non-carbon atoms associated with OC, along with trace elements (e.g. Fe, Mg, 263
Mn, etc.), primary ammonium and other unidentified mass in the speciation profiles. Since this 264 unspeciated mass makes up a significant portion of the total PM 2.5 mass and is often largely 265 under or overestimated in the CMAQ model, efforts were made to include speciation of the 266 unidentified mass, in particular the trace elements, in the model. The next version of the CMAQ 267 model, due to be released in the fall of 2011, will include the speciation of the trace metals, 268 allowing for a comparison of the model estimates to observations, which will hopefully lead to 269 an improvement in the model estimates for those elements and reduction in the bias for PM other . 270
The model estimates for PM 2.5 improve significantly in the spring, with a domain-wide 271 average NMB of 18.9% (MB = 2.0 µgm -3 ) for NA and -36.9% (MB = -5.8 µgm -3 ) for EU (Table  272 2). For NA, PM 2.5 tends to be underestimated in the southern portion of the domain, with most 273 sites having a NMB less than -20%, while PM 2.5 continues to be overestimated by the model in 274 the Northeast and in the west, where most sites have a NMB of 20% or greater (Fig. 7b) . For 275 EU, PM 2.5 continues to be significantly underestimated in the east (Czech Republic and Italy),with the underestimation in Germany, France and the United Kingdom improved from the winter 277 (Fig. 8b) . The performance in Spain and Portugal is relative good, with most sites having a 278 NMB within ±20%. 279
For the summer, CMAQ estimated PM 2.5 concentrations are slightly underestimated on 280 average, with a domain-wide average NMB of -4.6% and MB of -0.6 µgm -3 (Table 2 ). Spatially, 281 PM 2.5 is underestimated by 20-30% for majority of sites in the eastern U.S., the exceptions being 282 Florida, where PM 2.5 is overestimated, and the Great Lakes region, where most sites have NMBs 283 within ±10% (Fig. 7c) . The underestimations in the southeastern U.S. may be due in part to an 284 underestimation of secondary organic aerosol, which can make up a large portion of the total 285 PM 2.5 in the southeast (Carlton et al., 2010) . Large underestimations of PM 2.5 in the desert 286 southwest (New Mexico, Arizona, Colorado and Utah) of -50% or more may be due to a lack of 287 wind-blown dust in the model. The next version of the CMAQ model will include a method for 288 representing wind-blown dust, which may improve the underestimations of PM 2.5 in the 289 southwestern U.S. in the summer. For EU, the performance for the summer is similar to the 290 spring, with a domain-wide average NMB of -37.2% (MB = -4.9 µgm -3 ), and a similar spatial 291 distribution of bias as the spring (Fig. 8c) . 292
For the fall, PM 2.5 is again overestimated for NA, with a domain-wide average NMB of 293 36.3% (MB = 4.0 µgm -3 ). The spatial pattern of bias is similar to that of the winter, with the 294 largest overestimations in the northeast and northwest U.S. (Fig. 7d) . As with the winter, the 295 overestimation of the unspeciated PM 2.5 mass is largely responsible for the overestimation of 296 PM 2.5 in the fall, along with smaller overestimations of particle nitrate and ammonium. For EU, 297 PM 2.5 continues to be underestimated, however the bias is smaller than any of the other seasons, 298
with an average NMB of -24.2% (MB = -3.8 µgm -3 ). The largest underestimations continue to 299 be in the Czech Republic and Italy, with most sites having NMBs of -20% to -50% (Fig. 8d) The PM 10 mass is composed of all the PM less than 10 µm in diameter, and therefore 307 includes all the PM 2.5 mass and coarse PM (PM 10 -PM 2.5 ). with the model underestimating PM 10 by between 45-60% (11-16 µgm -3 ) for each continent 315 (Table 3) . 316 Spatially, the model tends to demonstrate a similar bias pattern throughout the year for 317 both continents. In the winter, when the PM 10 underestimation is the smallest for NA, the model 318 generally overestimates PM 10 by 20-50% along the east coast of the U.S. (Fig. 11a) . For the rest 319 of country, PM 10 is largely underestimated, particularly in the western U.S. (with the exception 320 of areas right along the coast). For EU, almost every site shows an underestimation of PM 10 , 321 with most sites having NMBs exceeding -50% (Fig. 12a) . The smallest biases are in northernFrance, where most sites have NMBs less than 30%. In the spring, the bias pattern is similar to 323 the winter, with the smallest biases for NA occurring along the east and west coasts, while in EU 324 the bias spatial pattern is nearly identical to that of winter (Figs. 11b and 12b) . 325
For the summer, the majority of sites in NA now show some level of underestimation of 326 PM 10 , with almost all the sites in the western U.S. having NMBs greater than -20% (Fig. 11c) . 327
For EU, the bias pattern is again similar to the winter and spring, with only northern France and 328
Portugal having any significant number of sites showing NMBs smaller than 40% (Fig. 12c) . 329
The bias tends to improve in the fall for both continents compared to the summer, with a large 330 number of sites in the eastern U.S. having NMBs between ±30%, while in the western U.S. most 331 sites continue to show large underestimations of PM 10 of 50% or more (Fig. 11d) . For EU, the 332 majority of sites continue to show significant underestimations of PM 10 in the fall (Fig. 12d 
